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Nano-scaled TiO(OD)2:
 a time resolved 1H/2D isotope exchange study 
observed in situ with neutron scattering at 20 °C and 40 °C
Vincent Legrand,*a Odile Merdrignac-Conanecb and Werner Paulus*c
In situ neutron diffraction measurements of the nanocrystalline deuterated oxyhydroxide TiO(OD)2
 
com-pound were performed as a function
of time and temperature under NH3
 
gas flow in order to study the hydrogen–deuterium exchange mechanism. Data were collected on the
instrument
 
D20
 
at
 
the
 
ILL
 
(France)
 
and
 
the
 
analysis
 
of
 
the
 
kinetics
 
was
 
directly
 
based
 
on
 
the
 
contrast
 
variation
 
of
 
the
 
incoherent
 
neutron
 
cross
 
section of hydrogen and deuterium. The time evolution of the hydrogenated phase frac-tion was described using the well-known
Kolmogorov–Johnson–Mehl–Avrami (KJMA) expression. The H/D exchange reaction is complete within 140 s at 20 °C and within 120 s at 40 °
C. The activation energy for the H/D exchange reaction is estimated to be 37 kJ mol−1.
Introduction
Titanium dioxide (TiO2) is widely used in pigments for paints,
cosmetics, fillers, coatings, dielectric materials, gas sensors,
catalysts, etc. Nanocrystalline TiO2 is also more and more
investigated for its photocatalytic properties and the potential
for converting light to electrical or chemical energy.1–7 This
material can be obtained by heating in air the precursor
Ti(OH)4.
8–10 The elementary processes in the transformation
of Ti(OH)4 to TiO2, determined from TGA-DTA and XRD
measurements, are the following:
TiðOHÞamorphous4 !110 °C TiOðOHÞ
crystalline
2 !450 °C TiO
anatase
2
!
580 °C
TiOrutile2
The anatase phase starts to crystallize at about 450 °C and
is stable up to about 700 °C. The phase transformation
towards the rutile structure begins to be observed between 550
and 600 °C.
We have reported recently11 a structural study of the
thermal nitridation of nanocrystalline Ti(OH)4 using ammonia
in the temperature range of 25–700 °C, by in situ X-ray and
neutron powder diffraction. In ref. 11, we have described the
oxygen–nitrogen exchange kinetics and the structural evolu-
tion of the oxynitride compounds TizOxNy as a function of
time and temperature. In this context, neutron scattering
experiments were focussed on the D/H exchange kinetics of
deuterated amorphous Ti(OD)4 in a solid–gas reaction, using
NH3 as “formation gas”. Since neutrons have a huge incoher-
ent scattering cross section for hydrogen of 80.26 barn for 1H,
which decreases to 2.05 barn for deuterium 2H,12 the related
scattering contrast of both isotopes has been used to follow
this D/H isotope exchange reaction in a specially adapted
solid–gas reaction cell. In order to avoid the nitridation reac-
tion taking place at higher temperatures, we followed the
exchange kinetics close to room temperature.
An important application of hydrogen–deuterium exchange
reactions concerns hydrogen storage materials.13,14 In this
context it is crucial to have knowledge on the activation ener-
gies and related exchange kinetics in order to improve their
properties for potential applications. Hydrogen–deuterium
exchange reactions have already been reported for a large
number of compounds under various thermodynamical con-
ditions of pressure and temperature, while the exchange rate
and temperature are strongly modified by catalysts based on
e.g. Ni, Cu or Pb.15
Neutron scattering is a powerful technique to investigate
materials properties, in relation to their structure and
dynamics. As said before, this method is especially useful in
the case of hydrogen study because of the very large incoherent
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scattering cross section of 1H and the fact that 1H can be easily
exchanged by deuterium 2H. Thus, isotopic exchange com-
bined with neutron diffraction gives information about the
motions of atoms and about the relative concentration of 1H
in the structure as neutrons are highly penetrating. Other
cases could also be mentioned where isotope substitution is
worthwhile. One could notice in the literature numerous
examples concerning alkali chlorides and other molten metal
chlorides investigations using neutron diffraction isotopic sub-
stitution between the two stable isotopes of chlorine, 35Cl and
37Cl, as they have large differences in their neutron scattering
lengths. This last remark could also be made for the isotopes
of Ni or Cr, illustrating the extent to which neutron diffraction
isotopic exchanges have been used to study reaction kinetics
and structure–properties relationships in a wide variety of
systems.
The study presented here concerns the hydrogen–deuter-
ium exchange at room temperature for nano-crystalline deuter-
ated oxyhydroxide TiO(OD)2 and NH3, which is expected to
show high exchange reactivity at very moderate temperatures
related to its high surface activity.
Experimental section
Synthesis
The synthesis of the precursor Ti(OH)4 has been reported in
previous work.8 The method is based on the hydrolysis precipi-
tation of titanium chloride. TiCl4 (Acros, 99.9%) and an
aqueous solution of ammonia 25% (GR for analysis, Merck)
were used as starting materials. Because TiCl4 and aqueous
ammonia react vigorously, NH3·H2O (250 mL) was added drop-
wise under continuous stirring to TiCl4 (35 mL) maintained in
an ice-water bath. The pH value of the solution was 10. The
precipitated titanium hydroxide was separated from the solu-
tion by filtration and washed several times with hot distilled
water until a neutral pH of 7 was reached. Then, the precipitate
was washed with absolute ethanol to remove the remaining
traces of water. This procedure yielded the precursor phase
Ti(OH)4. This product was subsequently dried at 110 °C for
24 h and converted into nanocrystalline TiO(OH)2. The final
TiO(OD)2 powder was easily obtained after soaking TiO(OH)2
in heavy water D2O (Sigma-Aldrich, 99.9%) for 24 h and sub-
sequent drying by vacuum pumping.
Treatments under NH3 (Air Liquide, ind.) flow of the
TiO(OD)2 powder were performed at 20 °C and 40 °C. In order
to guarantee homogeneous treatment, NH3 was flowing
through the powder (3 cm high) placed on a porous sintered
quartz pellet inside a 5 mm inner diameter quartz tube
(Fig. 1). Ammonia flow rate was 3.26 L h−1. Purging of the
whole reaction chamber, before and after treatment, was per-
formed under N2 (Air Liquide, 99.99%) flow.
Neutron diffraction studies
In situ neutron diffraction experiments were carried out at
the Institut Laue-Langevin (ILL Grenoble, France) using the
two-axis D20 powder diffractometer,16 equipped with a high
temperature furnace (vanadium heater) and a large microstrip
detector covering simultaneously 153.6° in 2θ. The measure-
ments were performed using a Cu (200) monochromator with
a wavelength of 1.3 Å (with optimised fixed vertical focussing
for a take-off angle of 42°). At this wavelength the monochro-
matic beam has its highest flux of about 6 × 107 n cm−2 s−1.
The temperature stability along the measurement did not
exceed ±1 °C. Two data collections were performed. The first
one concerned the empty quartz tube (no powder inside) with
NH3 in order to determine the experimental background of the
reaction cell with NH3 gas load at 20 °C. The second acqui-
sition measured the in situ H/D exchange reaction itself, at
20 °C and 40 °C. The collection time was 5 seconds per
powder pattern which enabled the accurate monitoring of the
hydrogenation process of TiO(OD)2.
Theoretical section
The well-known Kolmogorov–Johnson–Mehl–Avrami (KJMA)
expression17–20 describes the phase transformation process of
a material. This process is implicitly defined through the
KJMA parameters which are constant with respect to time t
and temperature T. The phase fraction of the transformed
material is expressed by
X ¼ 1 expðktnÞ ð1Þ
where X is the material phase fraction, k is a rate constant
(units time−n), and n = α + cβ is the Avrami exponent. The
coefficients α, c and β give details about the kinetic reaction.
The coefficient α gives information about the time dependence
of the reaction noted τ (τ is proportional to tα). For α = 1 the
kinetic reaction is constant, for α < 1 the kinetic reaction slows
down with time and for α > 1 the kinetic reaction increases
with time. The term β indicates the spatial expansion of the
exchange process (β = 1, 2 or 3 respectively in the case of 1D,
2D or 3D expansion). The coefficient c expresses the nature of
the reaction process (interfacial if c = 1 or diffusional if
Fig. 1 The installation setup for the analysis of the H/D exchange reaction
between the nanocrystalline TiO(OD)2 powder sample and the NH3 gas.
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c = 0.5). Plotting ln(−ln(1 − X)) vs. ln(t) yields n as the slope of
the line.
From eqn (1), the relative exchange rate as a function of
time, dX/dt (eqn (2)), can be plotted, but also from which the
peak exchange rate, tmax (eqn (3)), and the half-time of the
exchange process, t1/2 (eqn (4)), can be deduced:
dX
dt
¼ kntn1 expðktnÞ ð2Þ
tmax ¼ n 1kn
 1=n
ð3Þ
t1=2 ¼ ln 2k
 1=n
ð4Þ
Finally, an estimation of the effective activation energy Ea
could be obtained considering an Arrhenius temperature
dependence:
k ¼ k0 exp  EakBT
 
ð5Þ
where k is the rate constant (units time−n) of the KJMA
expression (eqn (1)), k0 is a pre-exponential factor (units
time−n), kB is the Boltzmann constant and T the temperature
(in Kelvin). One can extract the effective activation energy by
plotting ln(k) vs. 1/T and find Ea/kB as the slope.
Results and discussion
The aim of this study is to determine the exchange kinetics
from deuterium (D) to hydrogen (H) in TiO(OD)2, using NH3 as
the carrier and exchange gas. NH3 gas is thus constantly flown
through the TiO(OD)2 powder, which is positioned over a
porous ceramic support inside a quartz tube (see Fig. 1). Since
the total amount of hydrogen in the solid TiO(OH)2 exceeds
the amount in the NH3 gas at least by a factor of 500, no cor-
rections have been applied to consider the incoherent scatter-
ing originating from the NH3 gas.
Test measurements showed that the total scattered intensity
from the starting compound TiO(OD)2, reaching the D20 detec-
tor in 5 seconds, yields on the one hand an excellent counting
statistics while it also still allows one to follow the exchange
kinetics on a reasonable time scale.
Consequently, the summation of the total pattern intensity
for a 2θ range of 153.6°, covered by the linear position sensitive
detector of the D20 instrument, allows one to quantify on a
relative scale the amount of hydrogen/deuterium content in
the material.
In order to correct for a scattering contribution related to
the sample holder, we first determined the background solely
related to the presence of the quartz tube. Prior to the
exchange reaction the whole reaction chamber was purged with
N2 gas. After opening the NH3 gas flow (flow rate 3.26 L h
−1),
the sudden change in the background indicates the exchange
of D by H starting at t = 300 s in Fig. 2. From the changes one
can already quantitatively conclude on an extremely fast
exchange rate, lasting only 140 s at 20 °C. The exchange reac-
tion directly occurs when NH3 comes into contact with the
powder sample without any latency time. This means that, at
ambient temperature, all deuterium atoms in the crystalline
sample were able to react and have been replaced by hydrogen
atoms from the NH3, the latter turning to NDxH3−x. The noted
NDxH3−x deuterated gas means that x = 1, 2 or 3 H atoms
could be replaced during the exchange mechanism, but no
additional information about the exact composition is known.
One may expect that the produced deuterated NDxH3−x gas
consists mainly of NDH2, with a little of ND2H and a relatively
small amount of ND3. After a reaction time of 140 s, no vari-
ation of the total scattering intensity is observed, indicating
that the reaction is finalized. From the collected data, it is
possible to refine the variation of the H and D fractions as a
function of time at ambient temperature and pressure defining
the time t = 0 s at the beginning of the reaction (which is time
t = 300 s in Fig. 2).
The refined hydrogen fraction is plotted in Fig. 3 and has
been fitted with the Kolmogorov–Johnson–Mehl–Avrami
(KJMA) expression17–20 (eqn (1)), where X is the TiO(OH)2
phase fraction.
The data in Fig. 3 are fitted with eqn (1) leading to
k = 0.0063(5) s−n and n = 1.42(2) [R2 = 0.997]. In the present
case, the time ratio t0.75/t0.25 = 44/14 = 3.14 indicates a one-
dimensional (1D) H/D exchange reaction.20 Therefore, the reac-
tion presents a more punctual and localized exchange with
β = 1. This value of β is well understandable in that the H/D
exchange is well localized on the D2O molecules (structurally
bound water molecules) inside the nano-sized TiO(OD)2 par-
ticles. There is no 2D or 3D propagation of the exchange in the
Fig. 2 Variation of the normalized total intensity as a function of time
obtained from the experimental neutron patterns at 20 °C performed on the
D20 diffractometer (ILL, France). The H/D exchange reaction between TiO(OD)2
and NH3 starts at t = 300 s as soon as the gas reaches the powder, leading to
the production of NDxH3−x. This formula resumes the global distribution of ND3,
ND2H, NDH2 and NH3 molecules in the carrier gas after the exchange reaction,
whose kinetics is achieved within 140 s. The point size of the intensity data is
larger than their error bars (less than 0.2%).
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present reaction, as could be seen in the case of a nucleation
process with spatial growth. Finally, for the value of the
c coefficient, two cases can be discussed. (i) If the reaction
process is interfacial, c = 1 then α = 0.42 inducing the exchange
rate to slow down with time. (ii) If the reaction process is
diffusion-controlled, c = 0.5 then α = 0.92, close to the ideal
value of α = 1 which would result from a constant exchange
rate. In the present case, it is difficult to make a distinction
between these two processes in a first approach. Because the
reaction is very fast (140 s) we could consider that only the
structural D2O molecules, arranged on the surface (or near-
surface) of the powder material, directly react with the NH3
flowing gas which does not diffuse into the bulk of the
TiO(OD)2 material (c = 1 and α = 0.42). On the other hand,
TiO(OD)2 is a nanocrystalline powder material (the average
diameter of the crystallites is about 67 Å, see Legrand et al.,
2012 for more details) then, even if the NH3 diffusion occurs
on a short propagation-length, it could be considered that the
process is penetrating enough to be induced in the bulk
(c = 0.5 and α = 0.92). These two hypotheses can be verified
with Fig. 3 from which the relative exchange rate as a function
of time, dX/dt (eqn (2)), can be plotted, but also from which
the peak exchange rate, tmax (eqn (3)), and the half-time of the
exchange process, t1/2 (eqn (4)), can be deduced. From the plot
of dX/dt (insert in Fig. 3), it can be clearly seen that the H/D
exchange rate slows down with time indicating an interfacial
process (c = 1 and α = 0.42). Thus, the NH3 molecules only
react with D2O by grazing the surface of the TiO(OD)2 powder
material. This result is easily comprehensible in relation to the
fast reaction time of 140 s and to the experimental temperature
of 20 °C largely limiting the diffusion mechanism. Finally, the
peak exchange rate and the half-time of the exchange process
are found to be tmax = 15(1) s and t1/2 = 27(1) s respectively. All
results are summarized in Table 1.
In addition to the 20 °C measurement of the H/D exchange
reaction, we collected data at 40 °C. Unfortunately, due to a
lack of allocated neutron beamtime, we did not succeed in col-
lecting all the data during the exchange process. Nevertheless,
some information could be obtained from that measurement.
First of all, the reaction is complete within 120 s at 40 °C.
With this information and making the hypothesis that the
half-time of the exchange process at 40 °C is such that
t1/2(40 °C) ≥ 1/2t1/2 (20 °C) = 14(1) s, it is possible to calculate
the value of the rate constant k = 0.017(2) s−n at T = 40 °C con-
sidering the same Avrami exponent n = 1.42(2) than for the
20 °C reaction process. At 40 °C, the peak exchange rate and
the half-time of the exchange process are thus found to be
tmax = 8(1) s and t1/2 = 14(1) s respectively.
From the KJMA expression at 20 °C [X20 °C = 1 − exp-
(−0.0063t1.42)] and at 40 °C [X20 °C = 1 − exp(0.017t1.42)], an
estimation of the effective activation energy Ea could be
obtained considering the Arrhenius temperature dependence
expressed by eqn (5). For the H/D exchange reaction between
TiO(OD)2 and NH3, k0 = 2.91 × 10
4 s−n and Ea = 0.39(8) eV (= 37(7)
kJ mol−1). This value of the activation energy is in agreement
with H/D exchange reactions also found for other materials
like NaAlH4
21 or α-Mg(BH4)2.22 It can be supposed that in the
20–40 °C temperature range investigated in this study, the
kinetic results discussed above are strongly dependent on
the NH3 pressure (flow rate was 3.26 L h
−1) as the H/D
exchange process occurs at the material surface and not in the
bulk. Increasing the value of the NH3 flow rate would increase
the number of active exchange sites, in particular by extend-
ing the propagation-length of NH3 inside the material bulk,
thus the values of the rate constant k and of the Avrami expo-
nent n would also increase.
Conclusions
The present work shows that without addition of a catalyst, the
hydrogen–deuterium exchange reaction between TiO(OD)2 and
NH3 turned out to be very fast already at room temperature.
Measurements at 20 °C and 40 °C allowed the description of
the reaction process using the KJMA expression. The H/D
exchange reaction occurs here on the surface (c = 1) of the
compound, is well localized (β = 1) and slows down with time
Fig. 3 Variation of the TiO(OH)2 phase fraction as a function of time at 20 °C.
Black points are the experimental data collected on the D20 diffractometer and
the solid line represents a least-squares fit of the KJMA expression (see text) to
the data with k = 0.0063(5) s−n and the Avrami exponent n = 1.42(2). The inset
shows the TiO(OH)2 exchange rate as a function of time, dX/dt, calculated from
the KJMA expression.
Table 1 Values of the KJMA parameters for the H/D exchange reaction at
20 °C and 40 °C between TiO(OD)2 and NH3. The effective activation energy Ea
is also indicated
20 °C 40 °C
k (s−n) 0.0063(5) 0.017(2)
n 1.42(2)
α; c; β 0.42; 1; 1
tmax (s) 15(1) 8(1)
t1/2 (s) 27(1) 14(1)
k0 (s
−n) 2.91 × 104
Ea 0.39(8) eV
37(7) kJ mol−1
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(α = 0.42), leading to an effective activation energy of Ea =
37(7) kJ mol−1. We also demonstrated that it is easy to investi-
gate with accuracy a kinetic exchange reaction involving hydro-
gen atoms by using the intrinsic properties of neutrons. This
original technique is particularly effective and advisable in the
case of non- or poor-crystalline material, as the total scattering
intensity yields a quantitative description of the hydrogen
content in the compound. It will be interesting to explore the
kinetic reaction at higher temperature and under higher
pressure of NH3 to differentiate interface and diffusion-con-
trolled processes. This study also underlines, beyond all inter-
est for a better understanding of the related reaction kinetics,
the practical use which bears this impressively fast hydrogen
isotope exchange reaction already performing at room temp-
erature, while the lowest temperature reported so far for
oxygen isotope exchange reactions requires at least 300 °C as
reported for defect perovskites.23 This D/H exchange reaction
is thus promising for the synthesis of deuterated ammonia
NDxH3−x especially on a laboratory level.
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